ity to develop into either caste.
Figure 1. Genotypes of (A) Queens Collected from Natural Mating Swarms and (B) Their First Adult Worker Offspring
No brood were sampled from queens that failed to raise an adult worker in 6 weeks. The single worker successfully produced by an interlineage queen (J1/J2) was presumed to be of backcross ancestry and is not included here.
We tested these hypotheses experimentally by crosseggs began to hatch into larvae after week 2, most H1/ H1 (queen lineage/male lineage) eggs failed to hatch ing virgin pure-lineage queens from the Hidalgo population with a single male of the same or alternate lineage ( Figure 4B ). In fact, in 23 of the 37 (62%) H1/H1 colonies, none of the eggs laid hatched successfully throughout to compare the worker developmental potential of interlineage and pure-lineage offspring. By mating queens the experiment, and of the 14 H1/H1 colonies that did produce larvae, seven failed to produce pupae, resulting singly, we removed the opportunity for selective sperm usage, preferential treatment, or larval competition.
in only 19% of H1/H1 colonies producing any workers ( Figure 3 ). Even in these colonies, productivity was sigThus, failure of pure-lineage offspring to develop into workers under these conditions is only predicted if caste nificantly reduced, indicating that same-lineage offspring face difficulties in developing as workers even were influenced directly by genotype.
Whether a queen was mated with a male of the same when the queen is willing to rear such offspring to adulthood. Successful H1/H1 crosses produced significantly or of the alternate lineage strongly influenced the developmental fate of her offspring. The large majority (87%) fewer larvae (F 1,74 ϭ 27.47, p Ͻ 0.0001), pupae (F 1,31 ϭ 14.59, p Ͻ 0.001), and workers (F 1,19 ϭ 9.68, p ϭ 0.006) of interlineage crosses resulted in adult workers, whereas only 17% of same-lineage crosses successfully did so than interlineage crosses, and the first adult worker from successful H1/H1 colonies eclosed significantly later (G-test, G 1 ϭ 24.24, p Ͻ 0.00001) (Figure 3 ). This strong difference cannot be explained by a difference in egg (X 2 1 ϭ 9.2, p ϭ 0.002). Same-lineage crosses between H2 queens and H2 laying between cross types. H1 queens mated to a same-lineage male had slightly lower initial egg producmales were also associated with developmental breakdown of the brood, but at a slightly later stage. All five tion, but all queens had produced large numbers of eggs by week 3 ( Figure 4A) . The difference between H2/H2 queens produced high numbers of eggs and larvae ( Figures 4A and 4B ), but none of these larvae sucinterlineage and same-lineage crosses stemmed from a drastic difference in the subsequent developmental cessfully developed into pupae ( Figure 4C ). As a result, none of the H2/H2 colonies produced any adult workers. fate of these eggs (Figures 4B-4D ). Whereas interlineage All queens were maintained at 30ЊC for 6 weeks, when all advanced brood (pupae and workers) were counted for each queen. Pupae were included in the brood count to increase the number of scorable offspring but were counted at three-quarters the value of an adult worker to represent the potential for mortality before adulthood as well as their lesser value to initial colony function. (A) H1/H2 population. Distributions of brood production differed significantly between queens whose last mate was an alternatelineage male and those whose last mate was a same-lineage male (G 4 ϭ 33.02, p Ͻ 0.0001); queens with same-lineage mates were more likely to fail to produce advanced brood and less likely to produce 2-3 workers. (B) J1/J2 population. Again, distributions of brood production differed significantly between queens whose last mate was an alternate-lineage male and those whose last mate was a same-lineage male (G 5 ϭ 24.74, p Ͻ 0.0005); queens with same-lineage mates were more likely to fail to produce advanced brood and less likely to have broods with high numbers of workers.
Overall, pure-lineage progeny had an extremely low of the identity of the male with which they had mated. Similarly, it is unlikely that pure-lineage offspring were probability of successful development. Given that each queen laid approximately 60 initial eggs, only 0.3% of killed because the most probable agents of such behavior, adult workers, were not present during their developall pure-lineage eggs developed to adulthood.
These results suggest that phenotypic plasticity in ment. It is possible that the queens themselves kill all the brood in pure-lineage clutches, but given that pure-lineage offspring is substantially reduced, at least during the colony founding stage. The hypothesis that queens tend brood only during colony founding, when the negative consequences of removing viable brood queens differentially used sperm on the basis of the caste being produced cannot account for our finding would be the most extreme, it seems highly unlikely that such behavior should evolve in queens. Moreover, because queens laid large numbers of eggs regardless comparison of offspring numbers over time reveals that same-lineage offspring were being retained in the nest in an arrested developmental state rather than being removed by the queen. Pure-lineage colonies contained higher numbers of brood than other colony types at the specific stage at which development terminated-the egg stage for H1/H1 colonies ( Figure 4A ) and the larval stage for H2/H2 colonies ( Figure 4B ). Finally, competitive displacement of pure-lineage brood could not have occurred because each colony contained only a single offspring type. It is possible that in natural colonies, competitive displacement does prevent the small proportion of pure-lineage brood that could develop from doing so, but this is only likely to explain a small proportion of the observed genotype-caste association in the field. As colonies mature, the quantity of resources available per offspring increases, leading to a gradual in- was examined here, it is not known whether worker development would also be curtailed for pure-lineage brood under less austere resource conditions. Nevertheless, field collections suggest that such loss of worker development is typical for pure-lineage offspring at all colony stages; in total, we have genotyped over 800 workers from site H and 200 workers from other sites in the region but not a single pure-lineage worker has been discovered (S.H.C. and T.S., unpublished data). One surprising aspect of our results is that H1/H1 brood terminated in the egg stage, before the usual nutritional cues about which caste is being produced would be available. It is possible that variation in nutritional or hormonal levels in the egg, as is seen in some species with very early environmental caste determination, influences individual probability of development [17] . It is worth noting that such early termination would tend to minimize the fitness costs of a genetic mechanism because little would be invested into genetically inappropriate offspring when colonies are not raising a particular caste.
Both pure-lineage and interlineage offspring show a strong caste bias in field colonies, but it is not yet clear whether genetic predetermination also regulates the development of interlineage females. H1/H2 and J1/J2 interlineage winged queens are found at low levels ‫)%7ف(‬ in the field (Figure 1; [10] ), suggesting that such offspring are more totipotent than pure-lineage brood, but the relative influences of intrinsic and extrinsic factors in their development cannot yet be assessed.
Genetic Caste Determination Selects for Lineage Coexistence during Colony Foundation
The finding that pure-lineage reproductive caste is genetically determined has important consequences for the dynamics of interbreeding between cooccurring lineages. Unlike extrinsic mechanisms, which are facultative in the sense that each genotype could assume both reproductive roles if the other genotype were not present, nearly complete loss of worker potential in purelineage brood makes both lineages wholly reliant on interbreeding for the worker caste, without which queens cannot survive to produce reproductive offspring ( Figure  3) . Thus, although interbreeding is needed to produce genotype-caste associations regardless of mechanism, interbreeding is an obligate condition only when independent worker production potential is lost, either spontaneously via negative epistatic interactions between ϫ week interaction (F 2,42 ϭ 3.98, p ϭ 0.02) .
did not differ. This interdependence, in turn, may be a critical factor swarm) showing over 50% failure rate of founding queens. Thus, loss of the capacity for independent worker producin the evolutionary stability of two-lineage populations. Worker production is the most important determinant of tion not only produces genotype-caste associations within colonies but also may play an important role in queen survival and reproductive success [18] because workers are responsible for all nonreproductive tasks, maintaining such associations at the population level. including raising the reproductive brood. If pure-lineage eggs are laid but cannot become workers, a significant Conclusions This study suggests that the alternate genomic compoproportion of eggs laid during periods of worker production would be effectively inviable, reducing the efficiency sition of queens and workers is primarily caused by a hardwired genetic system of caste determination, with of worker production and potentially leading to colony failure caused by lack of a sufficient workforce. Imporpure-lineage individuals having almost completely lost the ability to develop into workers. The transition from tantly, the magnitude of this egg inviability load is dependent on the relative frequency of each lineage in the an environmental to a genetic system of caste determination has functionally linked two independent genomes population. Queens whose sperm stores are biased toward their own lineage should produce a higher proporvia the hybrid worker caste such that they can only persist as a two-lineage system [19]. This interdepention of eggs that fail to develop and should therefore incur higher fitness costs. Assuming that queens do not dence, in turn, produces negative frequency-dependent selection on queens during colony founding, which may mate assortatively [6, 7] 
